We showed that luminal flow stimulates nitric oxide (NO) production in thick ascending limbs. Ion delivery, stretch, pressure, and shear stress all increase when flow is enhanced. We hypothesized that shear stress stimulates NO in thick ascending limbs, whereas stretch, pressure, and ion delivery do not. We measured NO in isolated, perfused rat thick ascending limbs using the NO-sensitive dye DAF FM-DA. NO production rose from 21 Ϯ 7 to 58 Ϯ 12 AU/min (P Ͻ 0.02; n ϭ 7) when we increased luminal flow from 0 to 20 nl/min, but dropped to 16 Ϯ 8 AU/min (P Ͻ 0.02; n ϭ 7) 10 min after flow was stopped. Flow did not increase NO in tubules from mice lacking NO synthase 3 (NOS 3). Flow stimulated NO production by the same extent in tubules perfused with ion-free solution and physiological saline (20 Ϯ 7 vs. 24 Ϯ 6 AU/min; n ϭ 7). Increasing stretch while reducing shear stress and pressure lowered NO generation from 42 Ϯ 9 to 17 Ϯ 6 AU/min (P Ͻ 0.03; n ϭ 6). In the absence of shear stress, increasing pressure and stretch had no effect on NO production (2 Ϯ 8 vs. 8 Ϯ 8 AU/min; n ϭ 6). Similar results were obtained in the presence of tempol (100 mol/l), a O 2 Ϫ scavenger. Primary cultures of thick ascending limb cells subjected to shear stresses of 0.02 and 0.55 dyne/cm 2 produced NO at rates of 55 Ϯ 10 and 315 Ϯ 93 AU/s, respectively (P Ͻ 0.002; n ϭ 7). Pretreatment with the NOS inhibitor L-NAME (5 mmol/l) blocked the shear stress-induced increase in NO production. We concluded that shear stress rather than pressure, stretch, or ion delivery mediates flow-induced stimulation of NO by NOS 3 in thick ascending limbs. luminal flow; NaCl delivery; stretch; pressure; nitric oxide synthase NITRIC OXIDE (NO) can induce natriuresis and diuresis by increasing renal blood flow (22, 23, 31) and glomerular filtration rate (9, 47) and/or by inhibiting salt and water reabsorption along the nephron (8, 35, 37, 49, 51) . NO is produced by several tissues in the kidney, including the vascular endothelium (18, 19), the macula densa (26, 50), and the epithelium of the nephron (36, 45) . Although the thick ascending limb of the loop of Henle expresses all three NO synthases, NO produced by NO synthase type 3 (NOS 3; also known as endothelial NOS) appears to be most important physiologically under normal circumstances (40, 44). However, this does not rule out the possibility that other NOSs produce NO under some situations. The effects of NO on the thick ascending limb likely contribute to its natriuretic and diuretic properties because NO produced by NOS 3 acts as an autacoid to inhibit net NaCl (44) and NaHCO 3 absorption (34) in this segment.
NITRIC OXIDE (NO) can induce natriuresis and diuresis by increasing renal blood flow (22, 23, 31) and glomerular filtration rate (9, 47) and/or by inhibiting salt and water reabsorption along the nephron (8, 35, 37, 49, 51) . NO is produced by several tissues in the kidney, including the vascular endothelium (18, 19) , the macula densa (26, 50) , and the epithelium of the nephron (36, 45) . Although the thick ascending limb of the loop of Henle expresses all three NO synthases, NO produced by NO synthase type 3 (NOS 3; also known as endothelial NOS) appears to be most important physiologically under normal circumstances (40, 44) . However, this does not rule out the possibility that other NOSs produce NO under some situations. The effects of NO on the thick ascending limb likely contribute to its natriuretic and diuretic properties because NO produced by NOS 3 acts as an autacoid to inhibit net NaCl (44) and NaHCO 3 absorption (34) in this segment.
NO production in the thick ascending limb is stimulated by several factors. These include endothelin-1 acting via endothelin B receptors (43) , angiotensin II acting via angiotensin II receptor type 2 (14) , and adrenergic agonists acting via ␣2 receptors (42) . NO production by NOS 3 in the thick ascending limb is also enhanced by increased luminal flow (38, 39) . It is not known whether flow increases NO production by NOS 1 and/or 2.
Luminal flow through the thick ascending limb varies over a wide range both acutely and chronically. Acutely, changes in tubuloglomerular feedback (15) , proximal nephron volume reabsorption (24) , and peristalsis of the renal pelvis (7) have the greatest impact on luminal flow. Tubuloglomerular feedback may alter flow by as much as 2.5 nl/min (15) . Peristalsis of the renal pelvis can completely block luminal flow, and in some situations cause it to reverse direction (7, 48) . Chronically, flow is enhanced by a high-salt diet (30) and it also rises in the early stages of diabetes (46) as well as hypertension (1) .
Variations in flow result in changes in shear stress, cellular stretch, transmural pressure, and NaCl delivery, all of which can enhance NO production. Shear stress has been shown to increase NO production by vascular smooth muscle (41) , endothelial (13, 25, 33) , and inner medullary collecting duct cells (4) . Stretch increases NO in the epithelium of the primary bronchial airways (29) , while increased NaCl delivery stimulates NO production by macula densa cells via enhanced Na/H exchange, which in turn elevates intracellular pH (26) . However, it is unclear whether stimulation of NO production by NOS 3 in the thick ascending limb is due to elevated shear stress, stretch, pressure, and/or ion delivery. We hypothesized that enhanced shear stress rather than elevated pressure, cellular stretch, or NaCl delivery mediates flow-stimulated NO production by NOS 3 in the thick ascending limb.
MATERIALS AND METHODS

Animals
We used male Sprague-Dawley rats weighing 100 to 150 g (Charles River Breeding Laboratories, Wilmington, MA) maintained on a diet containing 0.22% sodium and 1.1% potassium for at least 5 days before the experiments. All protocols were approved by the Institutional Animal Care and Use Committee (IACUC) of Henry Ford Hospital.
To address the specific NOS isoform involved, we used 6-wk-old male NOS 3 knockout mice (NOS 3 Ϫ/Ϫ) on a C57BL/6J background and their wild-type controls (The Jackson Laboratory, Bar Harbor, ME) maintained on a diet containing 0.22% sodium and 1.1% potassium for at least 5 days.
Chemicals and Solutions
4-Amino-5-methylamino-2=,7=-difluorofluorescein diacetate (DAF FM-DA) and calcein AM were purchased from Invitrogen (Eugene, OR) and 4,5-diaminofluorescein diacetate (DAF 2 diacetate) from Calbiochem (San Diego, CA). Collagenase type 1, 4-hydroxy-TEMPO (tempol), L-arginine, and N G -nitro-L-arginine methyl ester (L-NAME) were obtained from Sigma (St. Louis, MO). The physio-logical saline used to perfuse and bathe tubules contained (in mmol/l) 130 NaCl, 4 KCl, 2.5 NaH 2PO4, 1.2 MgSO4, 6 L-alanine, 0.1 L-arginine, 1 trisodium citrate, 5.5 glucose, 2 calcium dilactate, and 10 HEPES, pH 7.4 at 37°C. The ion-free solution used to perfuse the tubules contained (in mmol/l) 270 mannitol and 10 HEPES, pH 7.4 (titrated with KOH) at 37°C; thus, the only inorganic ion present was K (Ϸ5 mM). Both solutions were adjusted to 290 Ϯ 3 mosmol/ kgH 2O.
Measurement of NO in Isolated Tubules
Rats were anesthetized with ketamine (100 mg/kg body wt ip) and xylazine (20 mg/kg body wt ip). The abdominal cavity was opened and the left kidney was superfused with ice-cold saline. The kidney was removed, placed in physiological saline (4°C), and coronal slices were cut. Thick ascending limbs were isolated at 10°C and mounted on perfusion pipettes as described previously (10, 37) . They were loaded with dye by bathing them in 4 mol/l DAF FM-DA for 15 min and then washing them in dye-free solution for 20 min. DAF FM was excited at 488 nm. Emitted fluorescence was measured using a 515-nm long-pass dichroic mirror and a 535/50-nm barrier filter in regions of interest (ROI). Fluorescence was imaged digitally using an inverted microscope (TE Nikon 2000; Nikon, Japan) with a ϫ100 immersion oil objective and a Coolsnap HQ digital camera (Photometrics, Tucson, AZ). Data were recorded using Metafluor version 7 imaging software (Universal Imaging, Downington, PA). Fluorescence was measured at the beginning of each period once every 30 s for 5 min. The change in emitted fluorescence over time was taken as NO production.
ROIs were set larger than the tubule to accommodate changes in shape.
Protocols Involving Isolated Tubules
Protocol 1: effect of increasing and decreasing luminal flow. Thick ascending limbs were mounted on perfusion pipettes with the distal end open and NO synthesis was measured over two periods. In period 1, NO was measured in the absence of luminal flow for 5 min and then after flow was increased to 20 nl/min with physiological saline for 5 min. Ten minutes after flow was stopped, NO was measured again in the absence of luminal flow for 5 min and then immediately after flow was increased to 20 nl/min with physiological saline for 5 min (period 2). Fluorescence was measured at the beginning of each period after the initial shape change occurred once every 30 s.
In control experiments, tubules remained nonperfused during both periods.
Protocol 2: are changes in DAF-FM fluorescence due to NO? Thick ascending limbs were mounted on perfusion pipettes with the distal end open and NO synthesis was measured in the absence of luminal flow for 5 min and then after flow was increased to 20 nl/min with physiological saline for 5 min. L-NAME (5 mmol/l) was present throughout the whole experiment. Fluorescence was measured after the initial change occurred once every 30 s.
Protocol 3: do changes in cell volume or shape bias our ability to measure fluorescence? Thick ascending limbs were mounted on perfusion pipettes with the distal end open. Tubules were loaded with calcein AM by bathing them in 1 mol/l dye for 5 min and then washing them in dye-free solution for 10 min to measure cell volume. Calcein was excited at 488 nm. Emitted fluorescence was measured using a 515-nm long-pass dichroic mirror and a 535/50-nm barrier filter in ROI. Calcein fluorescence was measured in the absence of luminal flow for 5 min and then after flow was increased to 20 nl/min with physiological saline for 5 min. Fluorescence was measured at the beginning of each period after the initial shape change occurred once every 30 s for 5 min.
Protocol 4: is NOS3 responsible for flow-induced NO? Thick ascending limbs from NOS3 Ϫ/Ϫ mice on a C57BL/6J background and their wild-type controls were mounted on perfusion pipettes with the distal end open. NO synthesis was measured in the absence of luminal flow for 5 min and then after flow was increased to 20 nl/min with physiological saline for 5 min. Fluorescence was measured at the beginning of each period after the initial shape change occurred once every 30 s.
Protocol 5: effect of ion removal. Thick ascending limbs were mounted on perfusion pipettes with the distal end open and NO synthesis was measured over two periods. In period 1, NO was measured in the absence of luminal flow for 5 min and then after flow was increased to 20 nl/min with physiological saline for 5 min. Ten minutes after flow was stopped (period 2), NO was measured again in the absence of luminal flow for 5 min and then after flow was increased to 20 nl/min using an ion-free solution instead of physiological saline for 5 min. Fluorescence was measured at the beginning of each period after the initial shape change occurred once every 30 s for 5 min.
Protocol 6: effect of increasing stretch while reducing pressure and shear stress. Thick ascending limbs were mounted on perfusion pipettes with the distal end open and NO synthesis was measured over two periods. In period 1, NO was measured in the absence of luminal flow for 5 min and then after flow was increased to 20 nl/min with physiological saline for 5 min. Fluorescence was measured after the initial shape change occurred once every 30 s. After flow was stopped, we added 0.05% collagenase to the bath for 5 min and washed the tubules for 10 min to partially digest the basement membrane and thereby increase compliance before measuring NO in the next period. In period 2, NO was measured in the absence of luminal flow for 5 min and then after flow was increased to 20 nl/min with physiological saline for 5 min. After we treated tubules using collagenase 0.05%, when flow was applied luminal diameter increased by 24 Ϯ 2% and because flow rate was maintained at 20 nl/min, we enhanced stretch while reducing both pressure and shear stress.
Protocol 7: does collagenase treatment alter cell volume or shape in the absence of changes in flow? Tubules were loaded with the dye by bathing them in 1 mol/l dye for 5 min and then washing them in dye-free solution for 10 min. Calcein AM was excited and emitted fluorescence was measured as described in protocol 3. Thick ascending limbs remained nonperfused and calcein fluorescence was measured before collagenase treatment for 5 min. Then, we added 0.05% collagenase to the bath for 5 min and washed the tubules for 10 min. Calcein fluorescence was measured after tubules were treated with collagenase 0.05% for 5 min. Fluorescence was measured once every 30 s.
Protocol 8: does collagenase treatment alter DAF fluorescence in the absence of changes in flow?
Thick ascending limbs remained nonperfused and DAF fluorescence was measured before tubules were treated with collagenase 0.05% for 5 min. Then, we added 0.05% collagenase to the bath for 5 min and washed the tubules for 10 min. DAF fluorescence was measured after tubules were treated with collagenase 0.05% for 5 min. Fluorescence was measured once every 30 s.
Protocol 9: effect of stretch and pressure alone. Thick ascending limbs were mounted on perfusion pipettes with the distal end pinched closed and NO production was measured in the absence of applied luminal pressure for 5 min. Then, luminal pressure was increased by infusing physiological saline so that the outer diameter was the same as the average diameter observed in protocol 1 and NO was measured for 5 min. In these experiments, pressure and stretch were increased in the absence of shear stress. Fluorescence was measured after the initial shape change occurred once every 30 s.
Protocol 10: effect of stretch and pressure alone in the presence of the O 2 Ϫ scavenger tempol. Thick ascending limbs were mounted on perfusion pipettes with the distal end pinched closed and NO production was measured in the absence of applied luminal pressure in the presence of 100 mol/l tempol. Then, luminal pressure was increased by infusing physiological saline so that the outer diameter was the same as the average diameter observed in protocol 1 and NO was measured for 5 min. Tubules were treated with tempol 100 mol/l throughout the whole experiment to eliminate the potential effects of O 2 Ϫ on NO. Fluorescence was measured after the initial shape change occurred once every 30 s.
Protocol 11: does tempol treatment alter DAF fluorescence in the absence of changes in flow? Thick ascending limbs remained nonperfused and DAF fluorescence was measured before tubules were treated with 100 mol/l tempol for 5 min. Then, we added 100 mol/l tempol to the bath and DAF fluorescence was measured 5 to 10 min after tubules were treated with 100 mol/l tempol. Fluorescence was measured once every 30 s.
Effect of Shear Stress on NO in Primary Cultures of Rat Medullary Thick Ascending Limb Cells
Rats were anesthetized with ketamine (100 mg/kg body wt ip) and xylazine (20 mg/kg body wt ip). The abdominal cavity was opened and the kidneys were flushed with 40 ml ice-cold 0.1% collagenase in Hanks' balanced salt solution (HBSS) via retrograde perfusion of the aorta. Coronal slices were cut from the kidneys, and the inner stripe of the outer medulla was minced into 1-mm 3 fragments and digested in 0.1 mg/ml collagenase at 37°C for 30 min. During each 5-min period, the tissue was gently agitated and gassed with 100% oxygen. After continuous agitation for 30 min in cold HBSS, the tissue was filtered through a 250-m nylon mesh and the filtered material was rinsed twice with culture medium. Cells were resuspended in renal epithelial growth medium supplemented with 5% heat-inactivated fetal bovine serum, 100 U/ml penicillin, and 100 g/ml streptomycin and seeded onto glass coverslips. Two days later, we rinsed the cells with prewarmed PBS (37°C) and loaded them with prewarmed 5 mol/l DAF-2 in physiological saline for 30 min. Coverslips were mounted in a temperature-controlled chamber and washed in physiological saline for 20 min at 37°C. L-arginine (50 mol/l) was present throughout the experiment. ROIs were defined for 3-5 cells. To measure NO production, DAF-2 was excited at 490 nm and fluorescence was collected at Ͼ515 nm. During the control period, the flow rate was 0.5 ml/min, which generated a shear stress of 0.02 dyne/cm 2 . Measurements were taken once every 30 s for a total of 10 measurements. Then, shear stress was increased to 0.55 dyne/cm 2 and NO production was measured once every 30 s for a total of 20 measurements.
Statistical Analysis
Results are expressed as means Ϯ SE. Student's paired t-test was used to evaluate the data, taking P Ͻ 0.05 as significant. Statistical analysis was performed by the Department of Biostatistics and Epidemiology of Henry Ford Hospital.
RESULTS
To determine whether shear stress, cellular stretch, and/or pressure mediate flow-stimulated NO production, we first measured NO generation in the absence and presence of luminal flow. In the absence of flow (and therefore in the absence of ion delivery, stretch, pressure, and shear stress), thick ascending limbs produced NO at a rate of 21 Ϯ 7 AU/min. When flow was increased to 20 nl/min with physiological saline, thereby increasing shear stress, stretch, pressure, and ion delivery, NO production increased significantly to 58 Ϯ 12 AU/min (P Ͻ 0.02; n ϭ 7). NO decreased from 58 Ϯ 12 to 16 Ϯ 8 AU/min (P Ͻ 0.02; n ϭ 7) 10 min after flow was stopped. When flow was once again elevated, the resulting increase in NO was not significantly different from the first period (67 Ϯ 14 AU/min; Fig. 1 ).
To show that changes in DAF fluorescence were due to NO and not changes in cell shape/volume, we performed two types of experiments. First, we measured DAF-FM fluorescence in the presence of 5 mmol/l L-NAME to inhibit all NOSs in the presence or absence of luminal flow. In the presence of L-NAME, we found that flow did not change emitted fluorescence (change: 5 Ϯ 7 AU/min).
We also performed experiments in which we measured emitted fluorescence over time using the cell volume-sensitive dye calcein AM. When we applied luminal flow, calcein fluorescence did not change significantly (from Ϫ0.2 Ϯ 0.04 to 0.01 Ϯ 0.16 AU/min). Together, these data indicate that 1) increases in DAF-FM fluorescence are due to NO and 2) changes in cell shape and volume do not interfere with our ability to measure NO with DAF-FM.
We next addressed the role of the specific NOS isoform by measuring NO production in NOS 3 Ϫ/Ϫ and wild-type mice in the presence and absence of luminal flow. Flow-stimulated NO production in NOS 3 Ϫ/Ϫ mice was 4 Ϯ 7 AU/min and flow-stimulated NO production in C57Bl/6J was 78 Ϯ 26 AU/min (P Ͻ 0.04).
Since increased NaCl delivery enhances NO production in the macula densa (26), we examined whether increasing luminal flow with an ion-free solution could increase NO in thick ascending limbs. When flow was increased to 20 nl/min with physiological saline, NO production increased by 24 Ϯ 6 AU/min. When we increased flow to 20 nl/min using the ion-free solution, NO synthesis increased by the same amount (20 Ϯ 7 AU/min; n ϭ 7; Fig. 2 ).
Increasing stretch (20, 29) and shear stress (3, 4) both have been reported to increase NO in other cells. Thus, we tested the effect of decreasing shear stress and pressure while increasing stretch by treating the tubules with collagenase (0.05% for 5 min). Brief exposure to collagenase partially digests the basement membrane and increases compliance. Thus, when flow is held constant, shear stress and pressure decrease while stretch increases. In the presence of luminal flow, NO production was 42 Ϯ 9 AU/min and luminal diameter was 19.4 Ϯ 1.7 m. After we treated the tubules with collagenase, diameter in- creased to 24 Ϯ 2 m (Fig. 3) . Although the morphology of the tubule other than its diameter did not change, NO generation fell to 17 Ϯ 6 AU/min (P Ͻ 0.03; n ϭ 6; Fig. 4 ).
To test whether collagenase treatment has any effect on cell volume/shape in the absence of changes in luminal flow, we performed experiments using the cell volume-sensitive dye calcein. Calcein fluorescence was measured before and after tubules were treated with collagenase 0.05% for 5 min. In thick ascending limbs treated with collagenase, calcein fluorescence did not change significantly (136 Ϯ 4 to 134 Ϯ 5 AU).
We also tested whether collagenase treatment affected DAF absolute fluorescence intensity in the absence of changes in luminal flow. Thick ascending limbs remained nonperfused and DAF fluorescence was measured before and after tubules were treated with collagenase 0.05% for 5 min. The absolute fluorescence intensity of DAF did not change before and after collagenase treatment (134.2 Ϯ 13.1 vs. 134.7 Ϯ 13.7 AU).
We next examined whether stretch and pressure could stimulate NO production in the absence of shear stress. For this, we pinched the distal end of each tubule closed and increased luminal pressure so that the average diameter was the same as when tubules were perfused at 20 nl/min. Thus, we ensured that they were exposed to the same stretch and pressure as when they were perfused. In the absence of pressure, pinched thick ascending limbs produced NO at a rate of 2 Ϯ 8 AU/min. After we applied pressure to stretch the cells in the absence of shear stress, NO production was 8 Ϯ 8 AU/min, not significantly different from the first period (n ϭ 6; Fig. 5 ).
Because we previously showed that cellular stretch increases O 2 Ϫ production in the thick ascending limb (11) and that O 2 Ϫ can scavenge NO (17), we tested the effect of stretch and pressure in the presence of the superoxide dismutase mimetic tempol. When we repeated the experiments depicted in Fig. 5 in the presence of tempol (100 mol/l) to scavenge O 2 Ϫ , similar results were obtained.
In control experiments, thick ascending limbs remained nonperfused and DAF absolute fluorescence intensity was measured before and after tubules were treated with 100 mol/l tempol. The absolute fluorescence intensity of DAF did not change before and after tempol treatment in the absence of flow (135 Ϯ 6 vs. 133 Ϯ 5 AU).
Our previous results indicate that an increase in shear stress is required for flow-induced NO production. However, they do not indicate whether it alone is sufficient. To examine whether shear stress alone is sufficient to induce NO production, we measured the effect of increasing shear stress from 0.02 to 0.55 dyne/cm 2 on NO production without varying pressure or stretch. For this, we used primary cultures of thick ascending limb cells grown on glass coverslips. These cells had typical cobblestone shape of epithelial cells (Fig. 6 ). When shear stress was 0.02 dyne/cm 2 , thick ascending limb cells produced NO at a rate of 55 Ϯ 10 AU/s. When shear stress was increased to 0.55 dyne/cm 2 , NO production increased to 315 Ϯ 93 AU/s (P Ͻ 0.002; n ϭ 7; Fig. 7) . Pretreatment with the NOS inhibitor L-NAME (5 mM) blocked the shear stress-induced increase in NO production (44 Ϯ 24 vs. 48 Ϯ 12 AU/s for 0.02 and 0.55 dyne/cm 2 , respectively; n ϭ 6).
DISCUSSION
The main purpose of this study was to elucidate the specific component of flow that enhances NO production in the thick ascending limb. NO was measured using an NO-specific fluorescence indicator DAF FM-DA. We chose this reagent because it has higher sensitivity than other reagents to measure NO in real time. Inside the cell the dye is cleaved by intracellular esterases leading to DAF FM. After reacting with NO, its fluorescence increases. The later reaction is irreversible. Thus, absolute fluorescence intensity increases as long as NO is available to react with the dye. Increases in the rate of change of fluorescent intensity reflect an increase in the amount of NO in the cell. The amount of NO in the cell is a function of both degradation and production. Because there is no evidence that the rate of degradation changes with flow, we assumed the increase in the rate of change of emitted fluorescence reflects an increase in production.
We hypothesized that it is shear stress rather than cellular stretch, pressure, or ion delivery. To test our hypothesis, we Fig. 2 . Effect of ion removal on flow-stimulated NO production by isolated, perfused TALs (n ϭ 7). Tubules were perfused with either physiologic saline or an ion-free solution as described in the text. Luminal flow was 20 nl/min in the 2 periods. first measured NO production in the absence and presence of luminal flow. We found that NO production tripled when luminal flow rate was increased from 0 to 20 nl/min, the upper limit of physiological flow in the thick ascending limb. Pretreatment with the NOS inhibitor L-NAME (5 mmol/l) prevented the flow-induced increase in NO production indicating that changes in DAF fluorescence were due to NO. Both the L-NAME and calcein experiments indicated that changes in DAF-FM fluorescence could not be due to changes in cell shape/volume.
To test which NOS isoform was responsible for flowstimulated NO, we used NOS 3 Ϫ/Ϫ mice. We found that thick ascending limbs from these mice did not respond to flow with an increase in NO while wild-type mice did. We concluded that flow-stimulated NO production was mediated by NOS 3.
When luminal flow increases, ion delivery is enhanced. This could stimulate NO production in the thick ascending limb via several mechanisms. First, raising NaCl in the luminal perfusate could stimulate the Na/H exchanger, increasing intracellular pH and thus NO production as it does in the macula densa (26) . Increased luminal NaCl could also elevate intracellular Na, reducing Na/Ca exchange. Reduced Na/Ca exchange would raise intracellular calcium which has been shown to activate phosphatidylinositol 3-kinase (PI3K) (5), which in turn stimulates NO production by thick ascending limbs (39) . Thus, we tested whether ion delivery contributes to flowinduced NO production using a nearly ion-free solution. When luminal flow was increased using this solution, NO production increased as much as it did when physiological saline was used. These data suggest that flow-induced NO production is independent of ion delivery and hence NaCl and Na bicarbonate reabsorption.
Our finding that flow-induced NO production in the thick ascending limb is independent of NaCl delivery contrasts with previous reports by us (26) and others (27) that NO production by the macula densa is enhanced by raising luminal NaCl even though the thick ascending limb and macula densa express the same luminal transporters. The most likely explanation is that NO production by thick ascending limbs is due to NOS 3 (40, 44), which is not sensitive to changes in pH (32) . In contrast, macula densaderived NO is due to NOS 1, which is activated at an alkaline pH (12, 26) .
It is also possible that a NaCl-induced increase in NO is masked by a NaCl-induced elevation in O 2 Ϫ , which scavenges the NO. We previously reported that enhanced NaCl delivery stimulates O 2 Ϫ production by thick ascending limbs (16) . However, this possibility seems unlikely. Here, we found that NO production was the same in the presence and absence of all ions except K. Thus, NaCl-induced O 2 Ϫ production would have to Fig. 4 . Effect of increasing stretch while reducing pressure and shear stress on flow-stimulated NO production by isolated, perfused TALs. Luminal flow was maintained at 20 nl/min. Treatment of TALs with collagenase (collag) increased stretch (seen as a 24 Ϯ 2% increase in diameter), lowering both shear stress and pressure (*P Ͻ 0.03; n ϭ 6). Fig. 5 . Effect of increasing pressure and stretch but not shear stress on NO production by isolated TALs (n ϭ 6). Distal ends of tubules were pinched closed and pressurized. Thus, stretch and pressure increased but not shear stress. P, pressure; Str, stretch. exactly match NaCl-induced NO production to account for our data. The "ion-free" solution used in this study actually contains two ions at significant concentrations: HEPES and K. It is unlikely that increasing delivery of a large organic ion such as HEPES could affect NO production. It is not transported to a significant extent and thus would not be expected to alter any physiological parameters that might modify NO production. On the other hand, K transport could decrease membrane potential and thereby increase intracellular calcium. Such an increase in calcium could activate NOS 3; however, changes in intracellular calcium do not appear to play an important role in activating NOS 3 in the thick ascending limb (42) .
Because enhanced ion delivery did not appear to be required for flow-induced NO production, we next examined the role of shear stress, stretch, and pressure, all of which have been shown to stimulate NO production in various tissues (3, 4, 20, 29) . We first tested the effect of reducing shear stress and pressure while increasing stretch. To do this, we treated perfused tubules with collagenase which partially digests the basement membrane. In our experiments, collagenase treatment increased diameter by 24 Ϯ 2% at a constant flow rate; thus, both shear stress and transmural pressure decreased while stretch was enhanced. We found that NO production decreased. Control experiments showed that collagenase treatment does not affect DAF absolute fluorescence intensity or cell volume/shape in the absence of changes in luminal flow. Together, these results suggest that either shear stress or pressure mediates flow-stimulated NO production in the thick ascending limb. Stretch does not appear to be involved because stretch increased and NO generation decreased.
Collagenase could alter a variety of signaling cascades via a change in cell shape in perfused tubules. However, there is no evidence that indicates that collagenase alone alters cell signaling in thick ascending limbs. Thick ascending limb suspensions have been used to study the effects of a variety of hormones and factors on cell metabolism and transport. In all of these studies, the suspensions respond to the hormone/factor qualitatively in a manner similar to dissected tubules. Since suspensions are made using collagenase, these data indicate that collagenase alone does not dramatically alter cellular signaling pathways, but such an effect cannot be completely ruled out. While collagenase could affect a signaling cascade in perfused tubules in such a way that it reduced NO production, this has not been demonstrated and the simplest explanation of the data is that collagenase reduces shear stress by allowing increased stretch.
To separate shear stress from pressure and stretch, we pinched the distal ends of tubules closed and applied luminal pressure, thereby enhancing pressure and stretch but not shear stress. In this experiment, we were more concerned with the effects of pressure because stretch had been all but eliminated as the mediator of flow-stimulated NO in the previous experiment. To apply the same amount of pressure to tubules as when they are exposed to a luminal flow of 20 nl/min, we pressurized tubules until we obtained the same average diameter as tubules exposed to flow. When tubules were exposed to pressure and stretch in the absence of shear stress, we observed no increase in NO production. These data indicate that pressure does not mediate flow-induced NO production. These data also confirm that stretch is not necessary for stimulation of NO.
Previously, we showed that stretching thick ascending limbs can stimulate production of O 2 Ϫ (11), which can scavenge NO. Thus, it is possible that we did not observe an increase in NO when tubules were pressurized because the NO was scavenged by the stretch-stimulated O 2 Ϫ . To address this concern, we repeated these experiments in the presence of tempol, a O 2 Ϫ scavenger, to eliminate its potential effects on NO. We did not observe any increases in NO production when tubules were pressurized in the presence of tempol. Control experiments showed that tempol treatment does not affect DAF absolute fluorescence intensity in the absence of changes in luminal flow. These data indicate that the absence of increased NO production was not due to NO scavenging by O 2 Ϫ . Although the previous data indicate that shear stress is necessary for enhanced NO production, they do not prove that increased shear stress alone is sufficient. To confirm our hypothesis, we therefore applied two different magnitudes of shear stress to primary cultures of thick ascending limb cells grown on glass coverslips in a laminar flow chamber. These cells had a cobble stone appearance characteristic of many epithelial cells in culture. We found that a shear stress of 0.55 dyne/cm 2 increased NO production sixfold compared with 0.02 dyne/cm 2 . The values for shear stress in the thick limb range from 0 to ϳ5 dyne/cm 2 . These values correspond to flows of 0 to ϳ20 nl/min, the reported flows found in vivo. In cell culture experiments, we chose shear stresses of 0.02 dyne/cm 2 to reflect a flow approaching zero. We used 0.55 dyne/cm 2 to reflect a high flow value, but were limited by the absolute flow rate that could be used in our laminar flow chamber. Due to the cross-sectional area of the chamber, a luminal flow of ϳ15 ml/min only causes a shear stress of 0.55 dyne/cm 2 . These data establish that increased shear stress is sufficient to stimulate NO production by thick ascending limbs.
Our finding that shear stress mediates flow-stimulated NO production by NOS 3 in the thick ascending limb is similar to other reports of NOS 3 activation in endothelial cells of various vessels. In the pulmonary artery, shear stress increases NOS 3 phosphorylation and NO generation by lowering PKC␦ activity (21) . In the bovine aorta, it stimulates phosphorylation of NOS 3 via a mechanism mediated by PKA (2). Although we did not study the signaling mechanism involved in shear stress-induced NO production, we previously showed that luminal flow increases NO production and induces NOS 3 translocation and activation in thick ascending limbs via PI3K (39) .
In contrast, our finding that stretch does not activate NOS 3 differs from studies of pulmonary endothelial cells in which stretch was found to activate PI3K and consequently NO production (20) . In the thick ascending limb, PI3K activation also stimulates NOS 3 (39) . Thus, the discrepancy must lie in whether PI3K is activated by stretch. Stretch could also activate NOS 3 in thick ascending limbs by increasing intracellular calcium, which is known to activate NOS 3 (6) . Stretch increases intracellular calcium in cortical collecting ducts (28) and could also do so in thick ascending limbs by activating TRPV4 channels. However, changes in intracellular calcium do not appear to play an important role in activating NOS 3 in the thick ascending limb (42) .
In summary, we found that shear stress rather than stretch, pressure, or ion delivery mediates flow-induced NO production in the thick ascending limb. Understanding how luminal flow regulates NO production will give us insight into pathophysiological states such as diabetes, renal damage, and hypertension in which NO production is reduced.
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